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THE MOMENTUM SPECTRI™ ©F ~03MZC RAYS AT 3.4 KILOMETERS

I. INT T LTION

Early in the hiatory of the study of cosmic ray3 it
became obvious that the rad-sticr sould be separated into two
components d:ffering in the degr- . of their penetration. This
pheriomenclogical “:st:nstion came about from the following
experirertal considierations. 1t was known that in the measure-
m2nt of the intenaity of cosmic radiation the introducstion of
8 {ew centimeters of lead sbsordber would decrease the intensity
markedly. After shout ten centimeters of .ead had been placed
on top of the appsratus to filier the re+~“-ation 1t waa found
that the rate of decrease of cosmic ray intensity with further
absorbing materials quite abruptly decreased in magnitude.

The remaining radiation was little affected dy the interposi-
tion of further absorbing mater'als. It thus appeared that
there were two distinc. cowponents, a soft or nonpenetrating

component which could be removad by about ten centimeters of




lead and the hard or -enetrating component which was little
affected by fairly large quantities of lead absorber.

A great deal of ' ork was done on the scoft component 1in
the early stages of cosmic ray invest:gation. I- was discov-
ered th: I the scft component consisted essentlally of electrons
avd low energy gawmma rays in a cascade process. PBoth experi-
wental and theoretical investigations were undertaken during
tie 19208 and were failrly successful in explaining the gross
effect. Although even todav a quantitative theoretical treat-
ment of the soft compcnent which completely explains the
cascade process is lacking, the high order of success attained
in a semi-quantitative way by the theoretical treatment indi-
cates that at least the basic por -1on of the problem has been
solved. It is to be expected that further refinement in
experimenta. tecnnique will require a wore precise theory.

Work o2n the hard component has proceeded at a much
siower rate until the last few years. At first the hard com-
ponent was considered to consist of very high energy gamma
rays. Their ability to penetrate large amcunts of absorber
might thus be explained. Some investigators found evidence
for supporting the view that the gamma rays waking up the hard
component had essentially discrete energy levels and that the
absorption coefficients for the hard component yielded to a

natural interpretation based on thn(-othod of formation of the

Righ energy gamme ray.




The discovery of the meson added & new interest to the
field of cosmic rays. The work of Neddermeyer and Anderson (1)
showed quite conclusively ‘hat mesons were extireme.y penetrat-
ing ard had suffic'ent energy to produce the effects attributed
to the rard component. The fact thst mesons underwent a decay
process with quite short half-l1ife further complicated the
problenm.

A more detalled study of the hard component ylelded
the fact that no existing mescn theory could acccunt f¢r the
experimental evidence. Investigaticn of pene‘rating showers
and their rate of decrease through the atmosphere gave an even
larger discrepancy with theory.

Postwar research has led o the notion of a nuclear
cascade process. This 1s a process in which nucleons travers-
ing the stmosphere unde-=go colliisions in a cascade type of
react‘on. The collision of one nucleon with a nucleus produces
several more nucleons and other penetratirg particles, such as
mesons, which go on to form a hard or penetrating cascade. In
erder to understand this nuclear cascade prccess a great deal
of information regarding the meson intensity and the nucleon
intensity as functions of momentum had to be obtained. The
number of nuclenns -at sea-level was known to be quite small,
80 that, although several investigators had experimentally

determined the momentum spectrum at sea-level, little use

sonld be made of this information with regard to nuclear
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cascade processes. Scme latitude work had been done, primsrily
by Anderson (2) and by Hall (3). Hall's work, however,
involved the determinaticon of an integral range spectrum.

From th*s, by assuming that all of the radiation with which he
dealt wss mesonic, he computed a mcumentum spectrum for his
altitude of observation, namely, 14,000 feet. As w21l bhe
eonsidered in the discuss’on, the work of Hall raised more
questions than it answered. It was thought that, because of
the necessity of msking assumptions ~oncerning the nature of
the radiation in determining & momentum spectrum, the deter-
mination of this spectrus by Hall might be in error. The
difficulty with Hall's work becar~ even more pronounced when
it was realized that, for such a nectrum to exist, a large
ssount of low energy mesons would have to be produced in a
region between 14,000 and 15,000 feet.

All work concerning the rate of meson producticn done
8t that altitude and higher yielded production rates far
suptller than that required by Hall. Since the rate of produc-
‘4~n ¢ memsons undoubtcdly ‘s directly connected with Lr-
nucleon flux, the fact that Hall's spectrum required meson
production slmost necessitated a large nucleon flux, in direct
eontradiction to the assumptions he had made. It was essen-
tial, therefore, that a direct determination of the momentum
spectrum be made, one that involved no assumptions conceraing

the particles invelved. This is the basic objective ef the
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vresent experiment. Obviously, &8 cloud chamber in a magnetic
field is the choice of instrumentation.

The only direct experimentsl measurement of the
momentum spectrum with altitude which had been dcune in suffi-
cient drtail to warrant acnsideraticn was that of the Cal-
17ornia Institute of Terhnology group in 1947 at 30,000 feet
(2). Due to the great difficulty in flying a magnetic cloud
chamber, the entire field of data consisted of only 250 meas-
ured tracks. In order to settle the question of meson produc-
tion and the momentum spectrum &t high altitude it 1s necessary
to carry out a rather lengthy program utilizing a msagnetic
c¢loud chamber at as high an altitude as possible Since 1t was
vital to obtain as large a field ¢ data as possible, aircraft
observation was not considered practical. With this limitatiou
then, it eppeared that the best which could be done was to
make extensive measurements at about 12,000 feet

The experiment which 18 the pasis for this disseris-
tion, and which was performed in 1948, had as 1ts objective
“be detoarmination of the momentum apectrum and some ~ual'*s*ivs
observat'ons on the nucleonic component. It was felt that this
experiment was perhaps the most significant experiment which
could be performed with the existing equipment in order to

advance our understanding of the hard component of cosmic rays.
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I1. EXPBRIMENTAL APPARATUS

The experimental apparatus used in obtaining the tasic
data f~r this investigation can bhe convenientiy Zt~ided into
two par-s, (1) the cloud chamber and sux:iliary equipment nec-
essary to make it function, and (2) the equipment receasary to
vroduce and maintain the magnetic field. The equipment asso-
clated with the cloud chamber must include some weans of event
selection and a control unit for conducting the sequence of
operations necessary to operate 3 cloud chamber The magnet
which nroduces the field in which the chamber 1s located
requires, in addition to a d-c generator, a cooling 2nd tes-
perature-control system to protert the chamber from tempera‘ure
gradients and fluctustions A somewhat more detailed account
of the units used to perform these various functions will be

included in the next few pages.

A. Cloud Chamber

The ¢loud chsmber used in this investige*iern 18 *u¢ and
8 half inches deep and seven inches in diameter with 8 useful
1lluminated depth of about one inch. In order to keep the
necessary air gaphii the magnet assembly to & miniwmum, the
expansion mechanism 1s not mounted on the back of the chamber
as 1s usually the case, but instead 18 placed outside the

wmagnet structure and connscted to the chamder by a ten-inch
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brass tube two incher in diameter Pis*a 1 shows the cloud
chamber, including the connecting tube, with all the parts
in their relative assembled positions Just prior tc assembiy.
The pa-ts shown, from left to rignt, are aa follows: the ten-
inch bz "as connezting tube and back wall; the brass baffle
~ ate; the velvet, which 1s normally atitched to the brass
baffle plate;: the glass cylinder, which forms the wal! of the
chamber; the brass ring which seats the "0" ring gaskets and
4180 acts as the positive return for the rlearing fleld; the
glass cover plate; black masking paper to define the diameter
of the chamber; and the end retaining ring The chambe~ ‘s
held together by studs which are s.rewed into the stud hclea
along the outer portion of the b "k wall and extend througn
the end retaining ring.The nuts on the end of the studs then
pull the retsining ring down and compress the "0" ring seals.
Af*.; the chamber has been assewdbi:d with the dbacking plate
and expansion mechanism (not shown), the chamber is evacuated,
'and the nuts on the ends of the studs wmay be further tightened
without danger of cracking the glass

The expansion mechanism utilizes a neoprene diaphragm
whi:h acts as a8 movable separator between ‘he chamber gas and
the backing air. The chamber is expanded by exhausting the
backing air pressurs to the atmosphere through a "pop valve,”
the amount of expanaion being determined by the position of
an adjustable backing plate whioh defines the total motion of
the diaphrags and, hbnco, the tocai inocrease in the volume of




PLATE I.

THe CLOUD CHAMBER BEFORE ASSEMBLY
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the chamber. The "pon valve" 13 ~ssent-a.’.y a plunger which
has a8 plate about an inch in diameter on its end. Thas plste
closes & hole in the brass plate which contines the vacking
air preaasure The "pop valve" plate is held in position
against the force of the backing alr by a solenold which acts
on the plunger When the hold:ng current 1s released the
plunger 1s accelerated by the pressure differential across

the plate, and the va.ve opens Since it 18 esgential to have
the valve operate quickly, the total mass of the moving ele-
ments has been kept as low as possible.

The chamber is filled with a mixture of argon gas 2and
the saturated vapor of a 60-40 n-ropyl alcchol-water mix‘ure
to a total pressure of 1.8 atmosr 2res. A backing air pressure
six pounds greater than the filling pressure is used. The
electronically operated "pop valve" 1s found to open within
about two milliseconds after triggering, and from the track
width (0.5 millimeters) and the minimum delay time after
expansion before tracks can be photographed (0.02 seconds),
the expansion time can be computed. The eatimate made on the
basis of the above data is a total time for expansion of 0.0l
seconds. It has been found that, if the chamber is photo-
graphed about 0.05 seconds after expansion, the droplet size
{s sufficient for easy measurement of track curvature, but
that not sufficient time has elapsed for turbulence in the gas

flow to produce spurious curvature.
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The introduct.an of tre two-ln<b canpecting tube
between the chamber snd the expansion mechanism in this ~hsabar
produces & structure resembling 5 Helwho!tz oscillator. The
sudder -clease of the backing ir press.res, and The resulting
movement of the neoprene diaphragm wnich increases the volume
~f the expansion s'de of the chamber, shock excites the reso-
nator, and the presaure of the gas in the chamber proper then
varies with time 1in accnordance wivh a dampel oacililation. As
originallv set up, the oscillatory moticon was not critically
damped, and the small overexpansior of a portion of the gas
resulted in the formation of a dense white fog, which c¢cor-
pletely filled the chamber 2 ter : few expansions, waking :t
unusable. If the condensation ~e ters formed by the over-
expansion had disappesr«i before the next expansion, no dif-
ficulty would have been en:cuntered, but this was not the case.
¢ adequate explanation of this phenomenon has been given.

In order to increase the damping, and thus eliminate
1ne large overshoot, the connecting tube was loosely packed
with copper wool. The amount of wool 44 ot seem to be par-
ticularly critical, but in the experiment only enough was used
to eliminate the overexpansions; hsad too much been used, the
expansion time would have increased, giving broad tracks which
sre difficult to measure. There 13 almost no background fog in
the photographs of the -~hamber, and the chamber 18 sufficiently

stable to need adjustment no more often than once daily.
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Plates I, II°, and TV are enlzrgenments of sloud
chambexr pictures from the thirty-five-millimeter film. The
plates show 8 track of m:nimum 'cnlzailcn, 4 protor, snd &

shower

¥. Illumination and Phciography

The chamber 1is photographed through & conical necle in
vhe magnet core. The camera used for thls experiment was
especially constructed for the task and utilizes an ektar
f-4.5 lens with a fifty-miliimeter foral length  The rewind
system 18 electricall, operated, and the magazine has A
capacity of 100 feet of thirty-f:ve millimeter film. The
framing arrangement erwmits U450 r ctures to be taken on a
100-foot strip of Ti1.m  Several types of film have been
tried. The bes* results so far have been obtained with East-
wan Linograph Ortho film. This film is exceptiocnally fast in
the blue region and is not prohibitively grainy. Illumination
i3 provided by four Sylvania type F-4340 photo-flash tubes
operating at 2500 volts and having an energy dissipat:bn af
100 watt-seconds each per flash. The energy 1s stored in a
bank of thirty-two-microfarad condensers. £Each flash tube 1is
backed with an aluminum foil reflector and has a cylindrical
crllimating lens in front of it. This can be seen in Plate V,
which shows the magnet face with the cloud chamber, geiger
tubes, and flash tubes in position. The chamber is masked so
that the 1lluminated depth 18 restricted to one inch.




'LATE 11, A MESON TRACK




PLATE III. A PROTON TRACK




PLATE IV, A SHOWER
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In many cloud chawber arrangen-ats, atereosecopic
viewing 18 essential In experiments of this type, howeve-,
Rtereoscopic viewing 19 »et 3~ itmwporrant Here one dependa
upon t»e statistical analysis of 31 large number »f tracks, and
not upo~ the results of ore or %“wo unisual events. Stereo-
wropic viewing would bhe of help only in determining the angle
tne particle makes in traversing the chamber Tre left-right
wngle 18, of course, known, but tre front-back angle is net.
The maximum angle which a -rack may have 3 limited by the
gelger counters. These are twelve inches apart and have a
width of three-fourths inch. Thus, the maximum error :n A
momentum measurement cue to tris »ffect *a of the order of

6 percent. The average evror :s onsiderably less.

C. Magnets and Cooling System

The magnet used in this experiment was nriginally
intended for use 1n_aircraft operation. This necessitated a
compromise between economical operation and weight. Plate VT
18 A view of the magnet cove and co:l assembly prior to as:iwm-
bly in the housing. The magnet ccils are weund of 0 23 x ¢ 80
inch copper buss and are contaired in a steel housing, which
also serves as the external portion of the magnetic circuit.
The magnet weighs two thousand pounds, the weight being about
equally divided between copper and ateel. To achleve a fleld
of 8200 gauss a current of 800 amperes, giving 1.7 x 105 ampere
turns, 1s required. The power dissipation is then 32 kw.

Sy
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The coollng s-atcm ut:. 228 forced feed of transforwer
oil. The oil-flow path has been restricted by a system ~f
barfles 80 that there '8 an ~.: "inow papt 31l gurrfa ez o* thne
coppe: The transformer oil 18 then conled 1n an o:l-water
heat ex.hanger An o1l flow «f 3hcout s'xty gallons per minute
+a used. With this method of ~o2ling, current densiries of
7000 amperes per squar< inch of copper can be used continu-
~rsly.  To obtain a fileld of B.0C gaus3, a current density of
4000 amperes per square inch of copper !s necessary

For stable operation of *the cloudl ~hamber it 1s neces-
sary to maintain it a. a constant temperature to about 2.
degree ~entigrade. In order to a rieve this regulation fnr-
long periods of time, the tempera ure control to 0.01 degree
centigrade is required Temperature control is achleved by
waintaining the magnet 2asaembly, with which the cloud chamber
's ‘n intimate thermal contact, at a ~onstant temperature
With the present equipment tie inlet oil temperature s mess-
ured by noting the change in the resistance of a copper coil
rlaced 'n the o1l stream. The charge '» *tre rail resistance
upsets the balance in an a-c¢ bridge which, when amplified by a
Brown-type amplifier, drives a sp:it-phase motor controlling a
by-pass valve on the heat exchanger The valve then either
opené or closes in such a manner as f bring the bdbridge back
intc balance. This system provides temperature contrcl of tre
inlet oil to 0.0l degree centigrade. The magnet temperature 8
indicated by a second Brown-type recording potentiometer sult.

ably sltered to measure the changes in resistance of a second
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coil Plate VII gives the circult for the temperature-ccntvye’

system.

D. Untformity of the Magnet:c Pleld

The magnetic fi.’1 at the c-ter c¢f the gap wis me3s.
ured as a furction of the energizirn: current by the use of 3
flip ¢~11 of known dimensions and a ballisti: galvanometor,
The g3 lvanometer wis calibrated b, reversing 8 known current
thrcugh a standard mutual inducta=-ce. It was found that the
magnet began to saturate st ratl>; low fleld values due *¢ th-
s8mnall amount of ferromagn~tic m.:erial used in tne magne':!-
path. At about 8000 gaurs satu' -=ion 18 nearly ccmplete. and
the slope of field versus ener; :ing current i3 such that
current stability to 3 percent will yield fileld stabilitv o:
about 1 percent

In exploring the fielc¢ off center, a bismulh spiral

e

was used. The spiral was calibrated in the center fiell ¢
magnet where the field hzd previously been measured in a bazi~
manner. The field was inJes.igated for considerabls dis®2n¢es
both axially and along a ho-izontal and vertical diameter.
field was found to be uniicrm to better than 1 percent over tne

entire 1illuminated volume >f the chamber.
E. The D-C Magnet Supp!y

For the operatio:' at Climax, Colorado, 3 motor-gener-

ator set was used to supply the current necessary to energiz-

/
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“re magnet. The generator has a3 capacity of 100 kilowatts and
i3 . separately excited, compound wound machine. The generatr:
cortrol circuit is given in Plave VIIL The genersgtor shcw-4
corside~able fluctuations due to the large day-tc-night tem-
perature changes and had tc te adjusted several times daily.
The magnet current was recorded continuously, and only short
ti1m+ variations of as much as 1 percent occurred during the

exyeriment.

FP. Event Selection
The event selection system used in this experimen: ‘=
considerably more complex than ne «asary, but the initiai

de3ign was deliberately made quit “lexible so that the uni®

coald be used for many other experiments. It uses a threefcld

ceinctidence circuit of the Rossl type with a resolving time of
*.& microseconds. Four anticoincidence inputs were provided
3> that it would be poss.ble to count the cosmic ray background
rate in the geiger tubes of *he anticoincidence t~ays during a
run. It has been found that up to four ge!ger tubes may be
connected to one anticoincidence input and still allow for
crecking the operation of the geiger tubes by counting the
cosmic ray background rate for a reasonable length of time.

I{ more than four tubes are connected to a particular input,
1t {8 difficult to tell if one of the geiger tubes 13 cournting
too high or too low, since the effect is masked by the normal

counting rate of the remaining tubes.
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Plate IX shows the schems*ic 4. agram of the event
selector. The upper left-hand corner shows the anticoincidenrce
pre-amplifier. PFour idertical units are used I're upper
middle se2ction shows the roincidence pre-amplifi-r and the
Roasl tvpe colincidence rutre Three 1den*:1cal units are uazed
A:-er amplification the anticc ncidence pulses are received hy
the snticoincidence mixer and pulse shaper. After being prop-
cr:y shaped they are then fed *¢ *he anticoincidence blank:ng
pulse generator, which generates 2 five-microsecond hlanking
pulse. Unlike a univibrator, this generator can be vetriggered
during a cycle, and hence there is no electronic dead t:me ‘or
pulse rejection. The coincidrnce pulse which was derived 'n
the Rossi type coincidence circu* 18 then fed to the coinc-
dence delay univibdbrator This was done in order to insure
positive blanking of the (cincidence pulse in the anticecinci-
dence mixer. The coincidence pulse is delaved here by two
microseconds. Thus, in an event in which both the coincidence
g2iger tubes and the anticoincidence geiger tubes are actuated,
the coincidence 1s recorded, and at the same time the blanking
generator starts. The coincidence pulse is then presented to
the mixer after a delay of two microseconds and lasts only 1.6
microseconds, insuring that the five microsecond blanking
pulse has an overlip at both the first and last of the coinci-
dence pulse. The actuzal "C-A" mixer is of the Fcasi type  The
pulse output cathode followers v shown at the bottom centev

of the schematic diagram. Switching details and power supply
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sonnections are shown at the far right.

G. Cloud Chamber Control Unat
The cloud chamber control unit shown in rlate X must
provide for the follow!ng functions:
1. Expand the chamber
Z. Turn off the clearing field
3. Actuate the flash lamps
4. Rewind the camera
5. Record the expansion
6. Sterilize the unit so that no further expansion may
take place until the cloud .namber has recoverea
7. Provide for manually pulsi g the chamber and provide
for interlocks
The cloud chamber cortrol circuit is of rather standard
design. In order to properly sequence the cloud chamber, sev-
eral timing delays are derived from timing univibrators. The
input trigger thyratron, shown in the upper left-hand corner
of the schematic diagram, delivers a positive pilse from its
cathode which triggers all further operations of the cloud
chamber control circuit. The first four tubes in the middle
row of the schematic diagram are timing univibrators. Thelir
time of operation i1s computable directly from the time con-
stants involved. Thus, ‘n the {irst stage, tube number four,
a time constant of 0.5 micrcfarads times two megohms, or oue

second, produces & timing pulse of cne-second duration. The
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in ar oprrating position The delays ° one huntredt  of n
second, two hundredths of & second, and eight hundrcderq ~¢
s=cond are then add'tive [v. 138 Infevenming tao vt ¢ s the
capaci~> of the timing condensers in microfarvads > o747 *0n
the tim- delay in seconda

An auxiltary high voltige supply 1s provided o tre
spe-ation of the photo-flash lamps Sinece th's suppiy =
“equired to furnish 2500 volts from a bank of capacitcws of
128 microfarads, it 18 an extremely dangerous unit, and
special precautions are necessary to safeguard peragnral,

Interlocks and special connectors have heen provided

H. The Program Ur . ¢

Although only one rloud chamber an? magrnet were used
in thls ilnvestigation, there are actually *wec ident:-z2] magnets
7 “hambers mounted in a commcn frame The e ertror:s <f'r-
cuits were designed so that both units could be operated
simultaneously, either on separate experiments ¢rv nn ~ne
single experiment utilizing the twn ur'ts together. This
feature made necesmrary a program unit which could be used
to interconnect the two units, 1f it seemed desiradble.

In addition, there are three central facilities neces-
sary for the operation of, and recording of data Trom, an
even’ selector. In tre interest of econory of space ard
materials, the progrem unit was designed to supply thease

facilities to both event selectors. The program unit schema® -
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tagram x5 given 1n boatee 7 The tac .7t eg supplied to the
event selerturs 3ve: gelgey rounter volrtage, a counting cir-
eult for obralnin, the tooly ool Loet ray counting rate of
the ge: - or 1rees used, and meenar e 2l regisrers Cov recording
the ~um:-» - circtaer oL o mctienc e ominus-anticoined -
dence puinsn resotuel s othe Le untts, only the getger counter
voltage suprl, 15 ¢ L.rfirlent interest to warrant a detailed
discussion
The getiger ~ourser val-age supply i3 of the radio-

frequency type 3and uss:un a spectally constructed coll. This
coll has a secondar, -'nitng wh'co consists of 31x sepavate
"ples." Thia .3 mec.asary becauee of rpe melatlvely high
radio-frequen-v vl iz s ppearis 3. ross this ¢oil. Also,
the filament volr e - -bo high voltage vectifier comes from
this ¢’ Lo MAXITTEWT geiger veltage obtatnable has been
llwited 8¢ than fhe getg:ir tudbes wii) not be damaged, should
the supply accidentally be turned too high  Without such
limiting, a maximum voltage of 10C0C volts can be obtaineAd.
The l1imiting veltage {38 1425 volts The matevr used for deter-
mining the voltage hasa 2 4ifferential scale in sddition to a
0-2500 velt acale _ Tris scale goes from one thousand volts to
fifteen hundred vo'ts sni permits the geige™ tube voltage to

- be set within five vo''a Such 3 scheme 13 invaluable when

L measuring the platea:, * *ne geiger *ubes. In order to protect
personnel, the geiger rsupj-iv has a meximum current output of

legs than ton milltamperea, wnlch 13+ Tactor of two less than
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"let go" current, and 3 fac‘cr of trrec less than lethal
current. This i3 possible because the geiger tubes require
very little current

The binary scales used in the program un:t are of
special design Thei> cyreult != given 1n Plate XiI As can
be seen, these are packaged b niary scale systems, and they are
constructed on an ocral socket bame.  These scales are extremely
stable, and thus far have given nc¢ trouble So far ss 1is
known, these acales are the only binary scales which can be

constructed without the necessity of a talloring process.

I. The Geiger Counters
The geiger tubea used in "his investigation are of
ordinary glass-envelrpe construction with a cathode cf copper
tube and an anocde of five-mil tungsten They were constructed
by this laboratory for use in these experiments The cathode
is 8six inches long and has a diameter of three-fourths of an
inch. This gives an effective area of thirty square centi-
meters. The tubes are filled with a mixture of 90 percent
argon and 10 percent petroleum ether by volume to a pressure
sufficient to bring the onset of counting at about 1180 volts,
and a plateau center of about 1300 volts. No measurements of
tube life have been made, but 1t has been found that the tubes
L need refilling after ahout 109 counts. The plateau is adbout

300 volts long with a slope of less than 5 percent.
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177, THE EXPERIMENT

A. Location and Iraraportation
This investigiticon was carried ocut in the fall of 1948,

the expelition ledaving Seattle August 3. To transpcrt the
apparatus . large radar truck ind trailer was obtained from
the Navy, ani rhe main equipment was mounted on {t. The aux.
1l1ary equipment, 1n-luding 3 large squad tent for gtorage of
equipment, and equipment' for camping were transported on a
1-1/2-ten Dodge truck  Fower generating equipment was trans-
ported on a 2-1/2-ton GMC. A gas trailer and tanker tc be
used for transporting and stering gzsocline and diesel oil for
the generator was also taker, alc ; with twc other veiilcles, a
1/2-ton Dodge pickup and 3 jeep for use in transporting small
supplies and personnel. This transp rtation equipment can be
seen in Plate XIII

. Al’' ough considerable prel:minary investigation with
the cooperation of the United Staites Forest Service had limited
the number of possible locations, the final decision as %o the
location was not made unt!l a thorough investigation by the
members of the expediti-n could be made of such places as
Independence Paas‘(elwvation 12,280 feet) It was finally
decided to locate on Premont Pass, Climax, Colorado, at an
elevaticn of 11,380 fTeet Althougr not as high aa Independence
Pass, the Climax Molybderum Company, located on the pass,

offered to supply the necessary power and water in ample
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quant:ties and, in ad ttion, prcvided 1iving accommodations at
the hotel used by the bachelor miners. They alsn offered the
use of the machine shops, ahould extensi e repairs be necessary.
About a wecek was required to set up the . juipment and
provide space in the tern' for routine ch.cks and repairs on
the instrumentation ‘he Climax Molybdenum Company was
extrevely helpful in getting the electrical and plumbing work
done quickly s0 that we couuld ge' 1nto cperaticn without
delay. fower was supplied fr~m a 440-volt three-phase trans-
former bank, and the water supply was obtained from the main
mill water line. Since the water supply had a large pos‘'*ive
head, it was unnecessary to use pmps to cilrculate the wat«r
through the heat exchanger £lar XxIV 18 a view of the
locaticn, and Plate XV is a view of the radar truck showing

the magnets and other equipment.

B. Experimental Procedure

The ultimate aim of the expedition was to measure the
momentum spectrum of the cosmic radiation at altitude under
various thicknesses of absordber. The experimental arrangement
used is shown tn Plate XVI Geiger counters were placed above
and below the chamber, defining a ~cne of about one-thirtieth
steradian aclid angle and having an area of thirty square
centimeters. The geig~~ counters were arranged so that none
of the magnet was included in this sclid angle. The coineci-

dence counters are shcwn at position "A." Anticoincidence
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PLATE XV, THE EQUIPMENT IN THE RADAR TRUCK
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counters are shown a' positior "B" and were used througb about
half of the experiment in »rde- to eliminate shower events
The variouszs thicknewies ¢ (-, ' sngorper werr rliced anave the
upper veiger count~, tne Yive.centimeter tlock neing dirertly
above tre upper coinciden e counter, and an adArtioral ©:€teen
centimeters being loc itz ahove the entire gsiembly.

The coinc:dence counting rates with field on and field
ofr are g:ver In Tabie I for the lhree experimental arrange-

ments used.

TABLE I

Tolncidence Countting Rates 'rn raunts,'secand

Field N¢ absorbe: 5 - lead 20 cm lead
off 0ot ¢ 020 0 223
on 0 034 0 028 0 023

.

The ratio of 2:1 of the no-absorber rate to the 20-cm-jcad
rate (with the field off) 18 Just “he rati1n ~7 tre teotal to
the hard zomponent at this altitude given by Rossi The
agreement must be in part fortuitous, since the twoc-counter
telescope used was hardly adequate for a reliable rate dcter-
mination. Wlth no ahsorber above the telescope the field
shows a strong effect 'n reducing the counting rate from O.04&8
to 0.034 counts per second. This reducrien corresponds to the

large numders of low energy eclectrons whose momenta lle below



vhe magnetic cureff ¢f the equipment usc?!  As expla:ued later,
this cutoff comes at a momentum of fifty Mev /c In the r=3e
of twenty centimeters of lead zbove the ~pa-per, the magnetic
field ' "3 no measurable effent, i1ndicating “hat e radiation
pasaing rn-cugn the 20.cn (ead blrck dces not ~ontain many low
mowmenta particles  Tals 13 ir accord with the estedblinhed
noticn that passage through an absorber tends tc "bharden" the
radtatioen  Actually what nappins {a that tne electrons are
removed by ca=:3de showera ind the resgulting mesons are quite
penetrating, hence, although the meson energy has decreased
slightly, the absence of the electrons gives a net effec+ =°°

making the radiation more penetr:':ing.

C. Data Taking

Aft.-r the e p.ipment was thoroughly checked, seven rolls
of rilm (450 frames per rcil) were taken with no absorber above
the chamber, and with the magnetic field at 10,000 gauss
After examination of the ph.tograrhs, it was seen that the
chamber had conaiderable turbulence along :1ts periphery. The
field was reduced tc 8200 gauss, and turbulence effects were
found tn be negligible  The remsining thirty-two rolls of
film were taken at this reduced fielid strength. Fourteen rolls
were taken with no absorber above the chamber, eleven with five
centimeters of lead arnve the chamber, and only sever witn
twenty centimeters of lead above the chamber. Througrout the

experiment the magnetic field was occasionally changed 1in
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direction so that any asymmetry in the radiatich brought about
by the field could be checked. Data also were taken with and
without the anticoinclderce circuit te check 1ts affect.

N> real 1ifficulties were encountered ex.epr for a
two-day Just storm and the inevitable sncw near the end of the
ctay at Climax. The final thirty-two rolls of ©1lm were

:xposed in the thirty-two days from October 5 to November 5.



1

IV, MEASTREMEN® b TRACH TUTRVATHRE:

Sevaral methoda ¢F oA )R TV AUYVATYre s idve
been u3e? ny varioys {nvegrigators A method ewrli~ynd by
Andersor (L) using a traveling microscope in which the ceordy-
nates at various poi='s aiong ‘n2 arc are measured 3nd sed to
compute the curvature ia quife time consuming, and not partic-
ularly adapted 1o tre measurement < 2 large number cf tracks,
such as one cbrains in the measurcement of the momentum spe: -
trum an cptical method, due originally to Blackett '&),
although capable of yielding quite precise measurements of
track curvatures, 18 not useful w'* curvaturc, ~¢ small -341%,
and, hence, 18 unusabie for “.'» 1 «er momenta obtained in triz
investigat*za. .n the ‘nrerest of simplicity, dbut at the
expense o de. regged roiojutlon at the high mementum end of
the spectrum, & comparison method wes chosen for measuring the

track curvatures in this experiment.

In order to compare the cloud chamber track with a

standard are, A machinist's }f;nch comparat~r wis altered ao
that the 35-mm photographyJ?ZCId be projected on the ground
glass screen. Plate x?{é 18 & picture ol the comparator as
altered for this usg{f;u fy1lm carriage w28 provided for the
comparator as ne;z/is a means for moving the film noider so
that the pro';¢£¢¢ trock could be rotated to a horizontal

position ‘;,the screer.. The entire optical syatem was such

that Vae projected imsge wat the s1z= of the cloud chamber.
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cres used 48 the Yax'sa TAr CQMPAriLson wepre

size on piate plass coated with Alatag The

dystem was 7 e Fuans Ctnkage tvpe o wlos genesieq
Ares
53 The linkage system {3 shown o tiate XVITI
For
che sport length 0 0 ged abheyr fifteen renrtimeters
a minymum radlg o grvatoeee ~f thirty centimete s the

approximation of the =jltprecal arc to that of a3 circls s
gond to within  perver* ¥or each 1adtus of caorvature two
arcs wirve arrthed, srpuvared by & digtance of 0.7 rwiilireters
In thle w=" the track whoae ou~vature was tc be measured cnuld

be centered between the *wn &r«s, ant hence could he 3een

along its entire length. F€ oo oreo31e 18 used, 1t o18s 1.7
ficult to observe the -~ loarneas f4t unless the arc i!s8

placed over the ‘wrack *o r= meagured, and then, of course,
the trick rarret Le aeen
Twenty-four stan’2ra ar:3 were used in tri3 aral,sis,

ranging from O 3 te 10 meters radius The raiial increpent
between surcesaive arcs was net constant, but increased !n an
exponential fashion except at the smailest rsdii of curvature,
Since the curvature of a track can be elther very rlose t¢ rne
of the standard arcs, <r can lie 1n between any ‘wn of them,
there are forty-nine poseibilitie. for a particuiar measure-
ment. The curvature and tts aign were reccrded for all tracks
meeting selection cri-wria Qesgcrih-4 elsewhere,

: In order to make the measurements independent of the

. optical enlargement, ~nmparison ar-s Warc prepared from the

e e s e B o o not R
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stande2rd -urves through the 212quence ol operations feollowed
in obtaining the projected “Amage of & cloud-chamher track
Thus, the standa:r’® ar23 weree f{:rst photcgraphed under condl-
tions ° "~vailing when photoggraphing the chamber. The resulting
35-mm - gative was thein pro, jected in the comparator, exposing
a photographic plate placed 1in the position normally occupied
by the ground glass sacreen. Since the sequence of optical
operations had becn the samee for -“he comparison curves and the
cloud chamber photographs, 'mno further information regarding
the optical system was nece ssary Tor a track located in the
genter of the chamber and h.aving a positive curvaturc.

Each step in the pr ocess ocutlined above was thoroughly
checked so that systematic error- could be avoided. Several
of the standard arcs scribe d on the Aquadag-coated plate glass
were examined by means of a. traveling microscope to insure
that the Evans linkage syst.em was cperating properly. Also,
the optical system was exammined to be sure that a straight
1ine remained a straight 11 ne and that there would be no d4if-
ference in the measured val_ue of & trar¥ *T 1t were turned over
so that it had a negative c=urvature rather than a positive one.

In order to check t—he consistency of the measurements
a group of several ;nmdred tracks were measured by several
different observers. The Mindividual results were then plotted
against each other »s absc Wssa and ordinate. For perfect con-
sistency all points should have been on a line of slope one

passing through the origin.. In the actual plot s symmetric
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distribuvion about th:s line wsa obtained, which indicated a
eonslstency of better than 10 percent for curvatures less
than about three and a half meters, becoming progressively
worse -~ higher values, until at ten meters the errcr was of

the order of three meters.

The radius of curvature of a particle is related to

its momentum by:
p=300PRTPC,

where p 1s the momentum in electron volts divided by the
velocity of 1light, B is the magnetic induction in gauss, and
r is the radius of curvature in c~ntimeters. The fleld
strength used in this investigat‘ -n was 8200 gauss, and hence
& curvature of one meter may be taken as corresponding to a

momentuw of 250 Mev/c.
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V. SELECTION OF TRACKS FOR CURVA{URF MEASUREMENT

In order to eliminatve vie soft component from the
moment '™ speactrum as nearly as possible, only those traciks
which occur-24 singly in the chamher were used. Tracks wnich
were accompanied by obviously post-expansion or pre-expansion
tracks, however, were not excluded. A few singly occurring
tracks were not at su.iu an angie as to definitely indicate
counter conir:l. Such tracks were not included. The fact
that very few such tracks occurred indicates that the majority
of tracks were counter controlled and, because of the gecmesr,
of the system, could not have orizirated in the chamber wsll
or surrounding mater:al.

About 6C percent f all pictures taken showed singly
occurring tra.~s. Becausc of the large number of tracks
available, only the longest (fifteen centimeters out of a
possible seventeen centimeters) were chosen for measurcment.
About 70 percent of all singly occurring tracks were this long
or leonger. Thus onlv tracks long onmigh “» good curvature
measurement were*used, and those passing close to the chamber
and subject to large turbulence distortion were avoided.

‘The subgroup of particles thus selected should not be
different from tﬁ; total body of data, and tracks measured
form a distribution re;n:esentative of the non-electronic radi-
ation. In most air showers not more than one electron would

be expected to be incident on the small cross-section of the
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chamber (thirty-five square centimeters! Rowever, the chamber

wall and the upper geiger counter constitute only a small

fraction of & radiation lengirn {tne diatance in which a very
. -1,

fast e'~~tron loses a fraction (1 . e 7} of 3ty —nivgy by
radiat: .. and an ele« 1. w'l’ not in general 1initiate an

electron shower in passing through them Thur, with no
abs.rper above the chamler, iarge numbers of singly oceurring
low energy elecirons will be incliuded. On the other hand,
witr five centimeters >{ lead above the clriamber, electrons of
energy sufficient to p=netrate t':le absorber have a higr prob-
ability of initiating a cascade showe:r and will bc recognic=d
by the multiplicity of particles .wcurr:ng in the chambe~
This 18 clearly shown tc 02 the ¢ se from the resulting data.
Cne furth=r pre:a. ion was taken. It sometimes hap-
pened that 2t tne end of usability of a particular chamber
f1111rg the chamber would go out of adjustment slightly
between observations, giving rise to tracks which were not
sufficiently dense to measure easily. In this case either the
whole roll of data was rejected, or, if the number of tracks
tnus affected was not large, a complete block of exposures
including all tnose of doubtful quality was eliminated. In no

case were single frames discarded.
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VI, THE MAGNETIC CUrapRre

The twofold c-i1nvvdence “rigg ring Aarrangeme=nt with
~ounte. " atove and below tne chamber has the =27 ° of dis-
crimina ing against low nmementum particles belrw the minimum
nomentum a particle wii. be 8- severely curved that e matter
what the position of entrance, or the angle made with the
vertical, the particle wiii not be able to enter the licwer
geiger counter. In orde to estimate the effect of the mag-
netic cutotf and obtaln the magn.iaud¢ of the effect for par-
ticles having momenta higher than the minimum momentum
required, this effect was compu: - . A graphical metlicd of
computation was used whicn touok ¢ o account the length
criterion of track select'cn as well as the counter geometry
used. n uhe ompuiacion it was assumed tnatl the magnetlic
field extended to the counters in full strength. Actually, in
the two inches between the counters and the chamber the field
decreases quite rapidly. It was further assumed that the
disirihuticn in zenith angle nbeys a Vcﬂs*ne\z law. A decrease
of intensity with zenith angle less than (coaine)2 would
result in a smaller effect for the magnetic cutof{ above the
minimum momentum, whiie 8 more rapid decrease in intensity with
zenith angle would give a larger cffect. The latter case,
however, has a smal! prcbability for the relatively low moments

considered in the computation.
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The results o° the compuration show a complete cutoff
at 50 Mev/c. The transmission rises rapidly, so that at 2"
Mev/c the decreass in intensity *s only 1L percent, and a* 150
Mev/c ‘" atlenuation is negligible. The momentum spectrum
found w:th no absorber above the chamber, in which many low
erergy electrons are present, shows the effect of the magnetlic
cuto!t at the predicted momentum and constitutes experimental
verification of the analysis. Wifrhin the statistical uncer-
tainties involved in determining momentum spectra, the
obscrved intensity above 100 Mev/c 1s considered to be

unaffected by the magnetic cutoff.
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that component :n parti-les per 3econd passing through a

auriace 0f one square .

itesimal so0lid angle

entimeter per steradian fcor an infin-

The data of an exper!ment are usually

converted (o absoluie unit3 by ¢omputing a8 normalizing factor

for the experimental a~rangement and then multiplying tne

countirg rates by this

intensities in abscliurte

The dimensgtons
In tnis eXpe - menl are

Area of gelger

Mean distance between counters

norma’tzat o, facior Lo arrive at
FH BRI

2f *he rate-determining =lements uaed

au follows:
¢nunters 30 sq ¢m
30 ¢m

Thus the area 1s tnirty sauare centimeters, and '"he soild

angie !n7luded is onc-thirtleth gre-adinn Tre cormalization

2. -1

factor for the equipment 1s then apout one (steradian cm ) .

Since the estimation of the effective arca of a geiger counter

18 sudbject to errors inv.lving the end effect and also the

mean path length of a particie through the counter whic . con-

tributes to 1its eftizien v, 8 direct measurement o the

normalization wethod wis explored

effective area Of a smal! ¢ unter 18 difficult.

Thus a8 second

2Y41nve the coincidence

\ b i s ....-.n-w-w.—"
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telesrnpe used irn thil. inves 1g*tion nal erly two elements,

the countine rates obtained with it cannot be ~ompared directly

with pubiiched dara or 'ne havrd component intenzity 1t this
altiti' . ™is 18 true because a twefold colncldence train is
not at 'l e!fective U rejecting showers, especlally at

high altitudes.

From 3n analysis of the yteld i1t has been estabiished
that 57 percent of tlhe pilctures taken with twen'y centimeters
of lead absorber above the chamber were of singly occurring
particles. Thus, 5/ percent of tne counting rate of the coin-
cldence telescope under twenty centimeters of lead corrvesp.nds
to the counting rate of tpe nrard cmponent when {iltered
through 232 gm/cm2 of iead. By ¢ finiticn, the rard componerr®
ia tha*t .adiatlon wh'cr has passed tnrough 167 gm/cmi of lead.
In order o cumpars tne count!ng ra.e obtalned under twenty
rontine - ers of lecad with the established intersity of the hard
component, it is necessary .0 consider the correction lmposed
by che additional absorber used in this experiment. The
addicional sixty-tive 5-/cm2 of lecasd 1= r - egquivalent of
about forty-two gm/cm2 of air. The altitude of Climax, Colo-
rado, i3 3.4 kilometers, and the atmospheri- depth is 680
gn/le. The additional five centimeters of lead used, then,
should be equivalent to forty-two gm/cm? cf air, giving an
atmospheric depth equ‘valent to 720 gn/cmx, The ¢ounting rate
at this atmoapheric depth for the hard component 1a gliven by

Ross! as 1.22 x 10'2 counts per second steradxan*‘ cm . The

oS e T x~
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results ol this exper.ment, when corrected for a fifty-seven
percent yield show a counting rate of 1.3 x 10'2 counts por

second. The normaltzation facror thus obtained is .94 ster'l

cm’e. "ne normalizarion obtained when using the data for

five certimeters of lead gives very nearly the sawme result,
but because of the liarger corroction necessgary to convert the
igure to an 2quivalent absovber of 167 gm/’cm2 is not consid-
ered to be as accurate as for the rwenty-centimeter data.
Since gtatistical uncertainties in the couputation are of the
order of 5 percent, the normalization factor may be consldered

to be unity. This vaiue has been used in computling the

spectra of this investigation.
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VIl ®ESULTS

A A Method of Tarita* o ard -larting
"he experim. . a' ;- ouelure, megsurement <t 1racks, and
the cri-eria for rrack ce:-ciion bave been glven Of the

total nur_er of -xpcsures, only about 4500 were of sufficiently
good o ality for measurement. Three thousand of these satls-
fie2 11 oY tne requirements citel carlier, these being equally
div! 2d between the non.abscrber case and the case of a five-
cer meter lead absorber. The mcasured values c¢® the tracks
fo° a particular case were grouped according to the aign ¢
taz charge of the particle produ:.'.g *the track. This was not
simply the sign of the curvasure 3 viewed in the comparar<~r
since the magnetis f:. .4 waz reversed several times during the
ccurse of The suns - "~ K ¢cn possible asymmerries caused by
the fteld. The sign of the pertirles, as deduced by the
direction of the magnetic fileld, was checked by an 1ln3pecticn
of the signs cf the particles producing an iom:ization :i«<nsity
well socve minimum and havirg 8 mcmentum -~ommensurate with
that of a proton with such an ion‘zation density. Such tracks,
as will be aeen later, <3n be attributed entirely to protons,
and hence have only a positive sign.

In plotting the data for a differential momentum spec-
trum the intensity 1a ' ven in terms of particles per unit of
momentum, or, if normsiized tc absolute units, the intensity

is given in terms of tne flux of particles per unit area, per
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unit time per unit 30°1d angle per unit of pementum. Mechan-
ically the computation is made by dividing the number of
particles in some momentum in*erval by tre magnitude of the
interv-" expressed in te-ing 0 the unit of momen um ~hosen,
and the: mul~1ip ying bv 30 ippraryiate normalizing factor which
tekes 1nto 8cccu.t t"e countirg rate of the event studied, the
numher of pictures exemined and the dimensions of the event -
selec ing pa't <f the apparatus The data of this 1investiga-
tiorn uvere obhtained in tevms of raiius of curvature instead of
mom- tum, and hence the followingz equaticn gives the intensity:
1r=f'_r’:‘.
wonere r is the radius increment i:. meters, N tre number of
particles in the interval, and F e normalizing factoer. 1In
8ll cases the normalizing factor has beer cowputed to give
the intensity in particies sec ! ster™? cm™? (Bev/b)‘l.

Many methods of plotting the data havs been tried, the
mcst successful one being a simple, non-overlapping plot. The
atatistical uncertainty at each point is kept small by choosing
a rather large interval containing in *the arder of 10C par-
ticles. In order to keep the statistics fairly uniform in
terms of their percentage varlation, no attempt has bée~n made
to take’equal 1nterv§13 of momentum. The uncertainties shown
in the plotted points ¢f the spectra are the statistical

uncertainties and do r-* reflect thc¢ other sources of error,

such as the uncertainty in momentum measurement
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As indicated -2rltier, there ar. a tots! ~f forty-nine
intervals iato which a particular measurement may fall, nct
eounting the sign A curvati e was reccded as being equal %o
the curvature of a standa=d &ar-, :f, when compar-? with the
get of standard arcs, ' was judged to e cliloser to that arc
than the aean between that arc and the next The tabulation
of res.lts then consists of counting the number of particles
of a .iven sign Jjudged to have curvatures falling in each of
the ‘orty-nine categories. Since the part:clea grouped ir a
division corresponding to a standard arc {hence not judged as
lving between two standard arcs) are about evenly distripu‘eqd
about the value of the standard «--, 1t is assumed thar r:1f
lie above the value and half belc This concept is impor=-::r:
only at the value of ten meters, and in tadbulations concerning
particles of momentum great-~ than 2 5 bev/c (ten meters
radius of curvatire) half of those particles included in the
ten-meter group of the actual tabulation will be considered
to be greater than ten meters. The tabulation ol the actual
data 1s given in Table TI for both the no absorber case and

the five-centimeter-lead-absorber case.

B. The Momentum Distribution

With no absorber over the chamber, & total of 1541
tracks were measured, 1064 having a momentum of 2.5 Bev/¢ or
less. Including all tracks whose sign could te determined,

there are 767 positive particles and 543 negative particles.
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However, large number of electrons hav: %t.en included in this
case. and the ratio of posirive to negat.ve particles nas
little significance bhecause ©f *re dilut.~n by %'«c electronic
compor-* A plot of uv'e tota! fileld of data, i:c<luding parti-
cles of »oth atgns, 1a g'ven in Plate XIX. The daté for the
r.0-absortar spec rup are giver in Table 111, The normaliza-
tion f::tor computed for this case 18 0.163 ster'l cm 2,

wWith five rentimeters of Zead adove the chamber a total
of 1! 34 tracks were measured, of which Q43 tracks correspond to
par :cles having a momentum of 2 5 Bev,’c or less Tne positive
ex::>ss for this case 18 1 & ¥ 0.1 for particles lying in tre
momentum interval fifty Mev/c to .. 5 bev/c  The positive
excess for all particles, includi-g those with momenté greaver
than 2.5 Bev/c, i3 the sane within statistics. Since the dis-
tribution of pesitives and negatives is of interest, the two
were plotted together on the same graph and are gilven in Flare
XX. A plot of both positives and negatives 1s g:ven in Plate
XIX where it can be compared with the corresponding riot of
the no-absorber case. The data for the five-ceniimeter-lead
cese are given in Table IV for the positive and negative par-
ticles, and for the combination in Table III. The normaliza-
tion factor for this case 18 0.142 stert cm™2,

The case involving twenty centimeters of lead above
the chamber contained ~rly a third as much data as the othe:

two cases, and, furthermore, the exposures were made on Eastman

Linograph Panchromatic film, which proved to be t00 grainy for
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good momentum meagure-ernta Tre plot ¢f tpeae data 18 not too
meaningful statistically, but, so far as can te tald. *he
distribution does not &1 fer appreciably from trhat cbtained

in the “ive-centimeter ~ase

c Heav- .y Ionizing rartlicics

In measuring the curvature of the tracks, a number of
track corresponding ' particles with an lonization density
wel! above minimum were noticed. Tn an effert to determine
th¢ spectrum and identity of the particles producing these
t*=-xs, all data were utilized, including the seven rolls
taken with a field cf 10,000 gauts3 and those rolls considered
to be too light for casy measurew nt of tracks of minimum
lontization. [he to%al number of singly occurring tracks in
this field of data was also deterwined 30 rthat the relative
number of particles with an jonization well above minimum
could be established. For the statistical analysis of the
number of heavily ionizing particles present in a particular
case, no length criterion was established whije for the
momentum spectrum of the particles a minimum length of twelve
centimeters in the chamber was used.

Of 5040 single tracks examined for the no-absorber
case, ninety-nine, or 2 O percent, were heavily lonizing.
Similarly, for 2940 single tracks under five centimeters of
lead fifty, or 1.5 percent, were found to be heavily ‘tonizing,

while under twenty centimeters of lead the ccrresponding
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Tigur-3 are 1560 and ‘welve, which 1a Q0.8 percent 07 the 16
heavily ionizing tracks for the three cases, a'l bt three
sh.w & direction of curvvature arrrespomiing %o a pogitive
particle moving downwari.

The dats for t;» *cavily 1onizing particles twelve
~entimete>s long or longer of hoth the no-abgcrper ¢ i8¢ and
the 71.:-centimeter-lead-absorber case are given in Table V.
Since .wo fleld strergrns were used, the curva‘ure had to be
¢onv- "ted tc momentum before summing the particles, and thus
the -ata are given in terms of the number of particles found
ir . particular momentum interval. Plate XXI is a plot of
these data. The distributicn had 'een drawn ¢ zero ror the
lowest momentum fourd for any hea  {ly i1onizing particle.
Within statistics the momentum distributions for those heavily
lonlzi:g particles fcund under nc abscrber and {ive centimeters
of .ead do not differ, and thus the *wc are plotted togetber to
improve the statistics and to show the low momentum cutoff,
which, as will be shown later, does not depend upon the nature
of the absorber above the chamber. In arde= 1o show the joni-
zation density of the protons in the range of momentum consid-
ered in Plate XXI, the ratlo I/Iu has been plotted as a second
abscissa. This is the ratio of the ionization density of a

proton as compared with minimum ionizaticn

.
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TABLE 11

TABULATED DATA POR POSIT1Vi AND NEGAL1VE PARTICLES
OF THE NO-ABSCRBER CASE AND THE 5 CM LEAD CASE

Radius of Curv.

in Meters No Absorber Jase H cm L 3d Case
Positive Negative Positive Negative

.316 li ) 3 2
316 R 11 1 0
(o) 4 1 2

400 13 T 2 0
7 10 2 3

.515 T 7 1 2
1 3 0 1

.583 7 11 1 1
2 1 3 0o

.661 9 13 'R 1
3 2 0 1

<751 16 10 2 R
y 1 3 1

.852 12 7 2 N
1 1 ) e

. 966 6 2 5 6
4 1 )

1.09 9 ' 7 L)
4 1 2 5

1.23 9 12 5 5
7 2 7 4

1.39 13 11 13 2
g 6 - 3

1.56 6 10 9
7 4 9 5

1.74 16 15 18 5
7 3 5 2

1.94 16 13 16 19
8 9 3 2

2.16 12 20 14 6
15 A 2 3

2.42 19 11 13 9
9 il 13 6

2.73 . 20 6 19 11
16 8 5 5

3.08 15 11 24 12
13 11 11 3

3.51 22 12 r4 17
17 10 21 9

4.06 ai T 33 16
15 9 22 10
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TABLE 11 !‘contirued)

Radius of Curv
in Meters No Absorber Case 5 ¢m Lead Cane
Posltive Negetive Tost ' Ive Negative

4 .81 27 s 28 26

29 17 24 19

.85 Yo 14 ) 0

-0 18 32 23

TR 24 2 48 26

P 15 28 11

10.00 98 49 79 70
10.00 98 85 90 88

TAbBLE 111

THE DISTRIBUTION IN MOMENTUM POR PARTICLES OF BOTH
SIGNS FOR THE NO ABSORBER CAS:E AND THE 5 CM LEAD CASE

Momentum in Mev/c 5 cm [ead Case No Absorber Case

40 2T . 12.6 2.5
16C 1148 1~ b5.7 3.3
315 i91 2. 30.2 2.9
465 Qé.n 2.5 32.3 30
€55 176 1.7 26.0 2.2
390 18.5 1.7 18.3 1.8

1240 14.8 1.0 13, 1.1
1980 9.3 0.6 2 05
TABLE 1V

THE DISTRIBUTION IN MOMENTUM FOR
POSITIVE AND NEGATIVE PARTICLES FOR IdE 5 CM LEAD CASE

Positive Negative

Mowmentum in Mev/c Particles Particles
40 - 1.6 --- 0.9 ---

160 6.1 1.2 g‘e 1.0

315 10.6 1.5 5 1.4

k65 14 9 1.8 9.6 1.5

655 11.0 13 6.6 1.0

890 12.7 1.8 6.2 0.9

1240 8.g 0. 5.9 0.6

1980 5. 0.4 3.6 0.4
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TABLE V
HEAVILY IONIZING T

RACKS UNDER

NO ABSORBER AND 5 CM OF LEAL ABZSORBER

Momentum Range in Bev/c

Number of Particles

0.00-0.25
0.24-0.30
0.30-0 35
0.35-0.5C
0.50-0.05
0.65-0.88

1.00

0

7
12
49
39
27
10
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IX  DISCUSSION

A. Momentum Distribution

The momentum distributtons obtalrned Ir this case are
interes Iing in *hat tnev are Inter-mediate in altitude and, when
compared ~i*h other similar measurements, permit a reasonably
clear :nterpretation of the variations in the mesonic and pro-
toni: components of cosmic rays. Momentum distributicns from
magr~-"ic cloud chamber mears .rements at sea level and at 30,000
fee' have been given by Wilson (Reference ¢ Plate XXII) and by
Adzms, Anderson, et al (Reference 2 Plate XXIII). In the rase
0! Wilson's sea-level measurement3, sufficient absorber was
placed above the cthamber to !'nsur c¢ascade multiplicatlon ¢?
electrons, which could then he eliminated by (iscarding events
in whicn more *han one particle appeared The distribution
obtained by him may be considered to consist easentiaily of
the mesonic componenc, since it is known that only few protons
are present at sea level. The result obtained for the five-
centimeter lead case in this investigation is very similar to
that found by Wilson. It can be seen that the peak of the
rather broad maximum of the distribution occurs at about the
same point (500 Mev/c for this work and 750 Mev/c for Wilson's)
and that the rate of decrease at higher momenta is comparable.
It would thus appear that the wmomentum spectrum has not been
altered much in the increase in elevation between these two
observations, even though the present work does contain a

fairly large number of proteons.
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Since the data of this investigation do not extend to
high momenta as in the work of Wilson (6), Jones (7), or
Blackett (8), 1t 1s impossible ro deduce tpe form of the
decreac<e of intensity w!th momentum beyond the maximum as 1is
done by these irvestigatrcras for the sea-level spectrum. It is
possible, however, to get some idea of what such a spectrum
might we from & knowledge of the total number of particles
exter *ing from 2.5 Bev/c to infinity. The results of this
inve "nigation show that the fraction of particles represented
by e integrated intensity beyond 2.5 Bev/c is 36 percent,
wh=reas Wilson finds 40 percent. There is no difference
within statistics, and {t 1s the:r not too improbable that the
form of the spectrum is very nea" .y the same, even at much
higher values of momenta.

The momentum spectrum obtained by Adams, Anderson, et
al at 30,000 feet is much different from that obtained here.
The very large number of particles found by these investigators
in the low momentum end of the spectrum is8 undoubtedly due to
the presence of large numbers of elect~rns, since no sbsorber
other than the chamber wall and the upper geiger tube was
present. The experimental conditions are almost exactly those
prevailing in the no-absorber experiment of this investigation,
and their momentum—distribution should be ccmpared with Plate
XIX of this work, in which large numbers of electrons at lcw

momenta are also found.
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Tre main difference between the two spectra then occurs
at about 500 Mev/c (magnetic rigidity of about 1.7 x 106 gauss
centimeters). At this point, sithough both investigations snow
& peak. the one obtained at 30,000 feet is much sha~-per and 1is
confined to the positive particles. In the 3.4.kilometer
ata, however, t.e peak occurs in both the positive and the
regati 2 spectra At 1 4 kilometers this peak 1s interpreted
as ve ng due 10 mesons, but such &n interpretation cannot be
valis for the 30,000-foot data Since the pesak occurs only in
the vositives, and since the cutoff at the low end is quite
ar'ipt and is at a value of momentum just necessary for a pro-
ton to pass through the cloud chamwber and trip the lower z-iger
counter, the natural interpretat! n is that the peak represcnrs
large numders of fairly low momentum protons which, without
the instrumental cutoff, migrt well have extended to even lower
mowenta. The cloud chamber used in the investigation at 30,000
feet had a rather large brass casting at the bottom and thus
presented a large amount of absorber. The protons with Just
sufficient momentum in the chamber to penetrate to the lower
geiger counter do not have an ionization density sufficiently
above minimum to identify them by this means.

The positive excess computed from the 30,000-foot data,
though not statistically meaningful, appears to be conaiderably
in excess of that found at the lower altitudes, If the {nter-.
pretation of the peak found at 500 Mev/c as being due to pro-

tons 18 correct, then a large part of the increase in positive
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excess noted at 20,000 feet can be attx!butei to the protons
It 18 conceivable that it 1is all due to the protonic compovent.

The only momentum apectrum cor3lating of a sufficiently
large »~1y of data, and hernce having sufficient ietiail to bhe
comparec with the present wovk, and done at 3 nearly equivalent
altitude .8 that obtained by Hall (3), Plate XXIV. It 1s dif-
ficulit however, to compare Hall's counter-telescope result
di7=zc ly with the magretic cloud chamber resulits Hall's work
was -"onducted at 14,000 feet and consisted of determining *he
int- vral range spectrum by use of lead absorhera and geiger
counters, This integral range spectrum can then be transfcrmed
t> a differential momentum spectr im by assuming tnat Aall pir-
ticles represented have the same ~—ass Hall assumed that al:
of the particles contrihuting to the measurement were mesons,
the electruns ravirg been eliminated in a direct manner at the
larger ranges, and a correction factor computed for the lower
ranges. As can be seen from Plate XX1V, the spectrum obtained
by Hall has a large number of low momenta particles and shows
a rather sharp maximum at 200 Mev/c. Sinre the position cf
this peak is of importance, a rather detailed discussion of
possible errors is given below.

In the measurement of an integral range spectrum for
the non-electronic component, the greatest difficulties are
encountered for small range, where electrons ¢annot be eiim.
inated easily. Hall employed a special experimental arrange-

ment in order to obtain the small range portion of the curve
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more accurately, but <ven so, large ccrrections had to be made
to eliminate the effects of showers and electrons. It 13 thus
quite possible that considerabl~ numbera of electrons were
included in the small range portion of the integral range
spectrum, and it is in Jus® this region that the differences
between the spectra become pronounced.

Further, Hall had to assume that all of the particles
conta . ned in his integral range spectrum were mesons. This
was known not to be valid, but ihe number of protons was
thought to be so small as not to affect materially the trans-
fcrmation. If there are comparatively large numbers of
protons present, and they are transformed from rarge to
npmentum on the basis of the rang -momentum relationship for
mesons, the intensity which they contribute is displaced to
lower momenta, and thus they glve a larger contribution to a
smaller momentum band than they actually occupy ©On the basis
of the proton intensity and its probable composition computed
in this work, there does not appear to be a sufficilent number
of protons to account completely for the differences observed
in the spectra. It may well be, hcwever, that considerably
more protons are present at the higher elevation. This seems
plausible when considering the vast ‘ncrease found by Adanms,
Anderson, et al at 30,000 feet.

The momentum spectrum obtained by Hall 18 extremely
unstable where its variation with altitude 1s considered.

This suggests that a large amount of local precduction 1s
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contributing to the m son peak observed if Lthi3 were 80, 1t
does not seem reasonable that the production should drop
abruptly to unnoticeable proportions in the interva! from
14,000 feet to 11,000 feet I'nis hypothesis is mad¢ 4lmost
untenab.c by the later work of Carr, Srhein, and Barbour (13)
!n which. from c¢»servations at 18,000 feet, they estimate the
production necessary to yleld a spectrum comparable with
Hal. . They find tnat the production must be equivalent to
fourteen percent of the mesonic radiation able to penetrate
ter -"ertimeters of lead at their observa'ion point. Such a
hizr production rate is not found by them at 18,000 feet, and
since the spectrum at 11,000 fee* does not shcw tre large
quantities of lcw energy mesons - served by Hall, 1t must be
concluded that 1f the answer to the anomaly resides in local
low momenta meson producticn, 1t 1s limited to an extremely
narrow layer of the atmoaphere

Of all of the possitle reasons for finding a large
number of low momentum particles in the computed transforma-
tion, the most appealing is that a sufficient number of
protons with a range-momentum relationship vastly different
from that of mesons, ¢speclally at Jjust the low momenta con-
sidered, are present, and hence the entire difficulty lies in

not knowing just how many protons are contridbuting. The

discrepancy can be almcst aceounted for by a prctonic component

having an intensity of about 25 percent of the mesonic radia-

tion. PFurther evidence gathered by this group in a later
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experiment supports tle idea that protons are present in thia
abundance.

A comparison of the spertrum obtsined at 3.4 kilcwmeters
under »~ absorber and under five centimeters of :2a1 is of
interea Dbecause of the possibility for investligating the num-
ker of el:»ctrons which are included in such an ‘nvesatigation
when e’ ectron removal is not assured by a cascade process. As
can - seen from Plate XI1X, which includes both spectra,
elec‘'rons are included up to about one Bev/c. There is no
pa! “.cular reason why electrons of higher momenta should not
also be observed in the plot if they were present in tre
radiation, and hence it can be asiuwed tlat the electronlc
component has a quite small inter 1ty when compared with the

mesonic component for momenta above about one Bev/c.

R. Positive Excess

Much interest has centered on the question of the
excess of positive particles over negative in cosmlc radlation.
It 18 of primary importance, since such An excess 1in the
mesonic component offers another experimental check point on
meson production theory. Many observers have measured the
positive excess at sea level. Jones (7) and Hughes (9) using
a cloud chamber method found 1.18 + ©.08 and 1.29 ¢t 0.05
respectively. Using a megnetic lens Brode (10) found a value
of 1.32 * 0.02. Conversi (11,12) has obtained values near

these using both a magnetic lens and a delayed coincidence
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scheme. The rather w'de sprracd of data cornpidering the
errors quoted, is probably a reflection of the geomagnetlic
latitude as well as the dilte:ent metrods of meigurements,

At higher altitudes, very 1ittle data 1s avallable,
and, in general. the nigr-. titude aata, dur to the difficul-
ties of ncasuren:nt, suffer froem rather large statistical
uncert inties Andersan has found a large increase in the
posit ve excess witrn increasing ~'titude, the most signaf-
icar irdication coming from *he work at 30,000 feet The
pre-:nt work confirms the incr :se in positive excess with
increasing aititude

Plate XX shows the momen* 'm spectrum ‘or both poe'rive
and negative particles as found » 3.4 kilometers under (ive
centimeters of lead. A= can be seen, there is no definite
trend of variation of pos. ive excesa with momentum The
postitive excess of 1 & * 0.1 18 computed for those particles
having a momentum lying between fifty Mev/c a1rd 2.5 Bev/c .

As explained previously, almost all electrons have been
removed from this spectrum.

It 18 difficult to understand why the ratio of pos1tive
to negative mesons should vary with altitude. It 18 thought
that the mu mesons have no appreciable nuclear interactions,
and hence the spectrum at one altitude should be computable
from that of ancther a'titude with no asymmctry between posi-
tive and negative particles. In particular, the transformation

from 3.4 kilometers to sea level tnvolves a momentuwm loss of
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about 600 Mev/c for particlcs of high momenta and 8 decay loss
which varies with momentum, be.oming inappreciable at moments
of the order 1.5 Bev/c and higher The entive upper portion
of the momentun spectrum of Plate XX sBhouid then te able to be
transformed to sea level L, simply shifting the abscissa by
about 60C Mev/c. However, it 13 known that the pos'tive
excess in a region from one to two Bev/c at sea level is about
i.35, ~nd one must tnus conciude tnat:

“3) there is production of large numbers of negative

mesons in the interval

{b) the positives are-preferentially removed, or

(c) particles other than mesc=s arc involved.

The first hypothes!s 18 L 'enable because of the lacy
of appreciable production found at higher altitudes, and, of
course, i woculd be hard 10 understand why there should sud-
den.y be an excess of negatives over positives in the produc-
tion, when at higher altitudes the reverse was true,

Although there is an asymmetry in the decay time of
the meson between positive and negative mesons, thils occurs
when the meson is essentially at rest, and, of course, 18 the
other way around, with the negative meson showing the smaller
effective half life.

The last hypothesis appears to be the most probable.
It is known that thers 3re some protons present at the higher
elevation, and only a few at sea level. The removal of pro-
tons from the spectrum can be understocd on the basis of their

nuclear interaction. For the shower-producing raiiattion (at
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least a part of which {8 protor:~) Coconnt (14} finds a mean
interaction path length of about 120 gm/c.m2 The layer of =)r
abeorber traversed by a part‘~le ‘rom *'ro elevation at Climzx
to sea =vel 13 equal to abou* three such ipnteraction Jengths.
If each interastion remaves the proton, or leaves {t with
{nsuffictent rarze to traverse the absorber (aAs would be the
case w.th protons of momenta approximately two Bev/c), then
the  oton ‘ntenaity should be reduced by about a factor of
ten On the other hand, the hard component is found to
de -case by only a rfactor of two.

1f for the moment it be consideged that the mesonic
component at sea leve has A pos't:ve excess of 1.3, and ""ls
13 constant with inc :2asing altitde, then at 3.4 kilom:ter:=
there would have to be an intensity of protons equal to 8 per-
cent of t“he wotal hard component intenst*y in order to account
for a positive excess of 1 5. Since in this irvestigatlion 1t
was found that the recognizable protons constituted abour 2
percent of the total radiation, it is not at all impossible
that another 6 percent are present, but cannot be identified
because of a higher momentum, and hence an ion:zation density
nearer minimum. In fact, it is not at all unreasonable to
suspect that a small portion of the sea-level positive excess

can be attributed to protons.
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v. Protons

Plate XXI gives the distribution in momentum of heavily
ionizing particles, combining tlocse obse ved under no absorber
and uvder five centimeters oY (ead. Only those -ra-ks dis-
tinctly more dense rthar the averagr run of tracks were included
v this r.ot. Althougn the seicction was of necessity quite
arbitri -y, 1t was found that for particles having a momentum
1+ & an 500 Mev/c, several different observers agreed almost
avsn utely on thode tracks to be included. As can be seen
frc Plate XXI, this value of momentum corresponds with an
1~ zation density of about three times minimum. Although the
group of heavily lonizing tracks wis seiected on the basis of
track density alone, it was found that all but three had a
direction of curvature (orresponding to a positive particle
moving downwerd, thus giving added credence to the interpre-
tation of these tracks as protons

The remarkably sharp cutoff at low momenta is an
instrumental effect. Since the events were selected by means
of counters placed above and below the chamber, 3 particle had
to go through the lower wall of the chamber and enter the lower
gelger counter in order to be observed. The mass of absorber
represented by the apparatus was computed and fcund to be
equal to 1.2 gm/bne of 3luminum. From th!s the proton cutoff
was found to be about -0 Mev/c. No heavily lonizing particles
were found with momenta less than 250 Mev,/c, again verify!ng

the assumption that the particles being considered are protons.
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It can also be conclu =2d *hat, 1t part.-'va of an intermediate
mass of the order of 500 to 1000 electron masses are present
they must represent an 2xt»-m..,y smait fraction ~f nne inten-
sity of radiation at tnis a:'irude.

In order to (ompute the cantrirution of protons to the
total intsnsity, it can pe assumed thatr tn- region 350G to 500
Mev/c ‘9 unaffected by either low momentum cutoff or by falilure
to re ognize the protons hecause of a low ionlzation density.
The :-tensity of protons thus tfound in the interval 350 to 500
Mev ¢ for the no-absorber case 13 10 percent of the intensity
of *he non-electronic component found in this same momern:umr
interval under five centimeters c  le2d. If no preduction and
no losses other than iontzation 1 sses ave assumed for the
protons penetrating five centimeters o7 lead, a computation
involving the range-momenium relationship for protons 1in 'ead
shows that some 20 percent of the radiation in a momentum band
centered at 600 Mev/c consists of protons. The assumption of
no losses other than jonization losses 1s, of course, not
valid, but it is probable that there is also some preoduction,
and the exact contribu.ion of protons at the higher m-.enta 1s
thus subject to large error when computed in this way.

From even the meager data availablz on protons obtained
in this investigation, the assumption that the relative
increase of positive psrticles over negative particles with
increase in altitude 1s seen to be justified. If the contri-

bution of the protonic component to the radiation does not
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fall too rapidly at the higher momenta, it can be seen that
even a portion of the "normal" positive excess found at sea

level may be due to protons.
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X. SUMMARY
(1) The momentum spe-~trur 0 the nor-:lectronlc tonizing

component of cosmic radiation ‘o~ momenta betwern 100 Mev/c
and 2.5 Bev/c for both the positive and negative particles,
filtered tnrough five centimeters of lead, has been obtained.
It 1s found to be quite similar to tre jea-level spectrum in
this omentum interval. Altnough little information can be
obtatned from this work concerning higner momenta, the ratio of
particles of momentum higher than ¢.% Bev/c to those below 2.5
Bev./c is the same wlthin statistics as that a! S8c3 level

(2) The momentum spectrum for momenta between 100 Mev, ’c
and 2.5 Bev/c for the lonizing co' ponent of the cosmic radia-
tion has been found with the electronic compcnent not removed
In comparison with the apectrum !n which the clectronic com-
ponent has been removed, it 1s found that the electron
contribution extends to about one Bev/c.

(3) Fairly large numbers of protons have been found.
There are enough protons at the lower momenta to account for
the increase in the positive excess from sea level to 3.4
kilometers. At slightly higher momenta it has been computed
that there are enaugh protons to completely account for the
positive excess.

(4) No evidence was “ound for a particle of mass 1000
electron masses, indicating that, if present at 3.4 kilometers,

they are rare as compared with protons.
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